Articles you may be interested in Direct measurement of rotational and vibrational relaxation in methane overtone levels by timeresolved infrared doubleresonance spectroscopy J. Chem. Phys. 101, 10533 (1994) Time resolved polarization spectroscopy is a powerful and sensitive technique for the study of dynamics in the liquid phase. Using this technique, it is possible to obtain information about various relaxation processes in solution, including the motions of molecules in different electronic states, and the transitions between these states. Since the experiment typically measures both electronic relaxation and molecular reorientation, the observed signal can have a complicated form which represents a coupling of these two effects in a way that depends on the particular scheme of decay processes which are present in a given system. We present a general algorithm for deriving the form of the experimental signal for an arbitrary scheme for systems exhibiting these phenomena, assuming that the molecular motion is described by asymmetric rotational diffusion. Several examples are presented and experimental results interpreted using the derived formulas, including cases where (1) the excited state diffusion tensor differs from that of the ground state, (2) decay of the excited state occurs to levels that do not return to the ground state, (3) the principal contribution to the signal results from birefringence, (4) there are several intermediate excited states which undergo rapid relaxation, and (5) two overlapping absorption bands create an initial condition with more than one excited state populated. Application of this formalism to fluorescence depolarization experiments is also discussed.
I. INTRODUCTION
Time resolved polarization spectroscopy (referred to in our previous publications 1 ,2 as anisotropiC absorption3)is a powerful and sensitive technique for the study of dynamiCS in the liquid phase. On the subpicosecond time scale or in combination with frequency resolution, information can be obtained on ultrafast dephasing and energy relaxation processes associated with electronic transitions. 4 On the picosecond and longer time scale, the experiments provide detailed information on transitions between electronic states and on the motion of molecules in these electronic states. [1] [2] [3] [5] [6] [7] Information is also present on the spectra and on the molecular polarizabilities of the electronic states contributing to the detected signal. 1 Polarization spectroscopy, being a particular kind of four wave mixing experiment,8 detects the third order nonlinear susceptibility of the system, the real and imaginary parts of which contribute birefringence and dichroism, respectively, to the Signal. 8 In the present paper, we concentrate our attention on the longer time behavior of the Signal to provide a general description of the influence of level kinetics and rotational diffusion on the form of the detected Signal.
In our previous description of time resolved polarization spectroscopy experiments, 1 we assumed that the system under study had only a ground and single excited state (two level system), and that the rotational motion was the same for molecules in both states. Also implicit in our previous treatment was the assumption that excited state absorption, if present, was described by a transition dipole collinear with that of the ground state. While these restrictions were appropriate for the systems studied then, we and others 8 • 9 have subsequently carried out experiments which necessitate a more so- phisticated analysis. In this paper we lift the previous restrictions and present general expressions for the Signals observed in polarization spectroscopy experiments on systems with arbitrary numbers of levels and with different rotational diffUSion behavior in different levels.
As in our previous work, 1 the time-dependent birefringence and dichroism of the sample is formally represented by a diagonal Jones matrix; this sample matrix can be combined with various pairs of time-independent matrices to model different experiments, including fluorescence depolarization, ground state recovery, and conventional anisotropiC absorption. We will show in a subsequent paper how the optical heterodyne technique developed for coherent Raman spectroscopyl0.11 can be used to probe different elements of this sample matrix.
Our methods derive from the elegant work of Ehrenberg and Rigler, 12 Chuang and Eisenthal, 13 and Belford, Belford, and Weber 14 for fluorescence depolarization, but we combine their results with those of Eisenthal and Rieckhoff on sample birefringence, 15 and include the effect of level kinetics to present an algorithm for deriving the form of the observed Signal in experiments on arbitrary systems. Although some of the special cases involving level kinetics and rotational reorientation have been presented, notably by von Jena and LeSSing and by Chuang and Eisenthal, 16 we provide here a general description which can be used to describe any particular case involving these phenomena. Rather than proceeding in an ad hoc fashion to combine rotational behavior and level kinetics, we begin with the complete set of coupled differential equations and proceed to systematically solve this system. A recent interesting experiment by Reiser and Laubereau in which differing rotation times for ground and excited Singlet states were reported and numerically calculated is describable in our formalism. As we show in part A of the Applications section, the analysis can be made in a simple and explicit fashion.
The main body of this paper consists of a Theory and an Applications section. In the Theory section, part A describes the sample relaxation which occurs after the pumping pulse. The following parts B and C describe the interaction of the sample via transition dipoles and polarizability tensors, respectively. Section D contains the general expression for a fluorescence depolarization experiment, and finally in Sec. E, we present the general expression for the time resolved polarization spectroscopy experiment.
The Applications section illustrates the generality of our formalism by describing in detail five special cases which are of experimental importance: (1) an introductory case of a two level system, where the excited state undergoes reorientation at a rate differing from the ground state; (2) a four level system where the excited state has Significant decay channels which do not decay to the ground state on a relevant time scale, (3) a three level system where the principal contributions to the observed Signal come from the birefringence created by differing polarizability tensors for each electronic state; (4) where there are rapid relaxation processes from higher to lower lying excitedstates; and(5) where two overlapping absorption bands create an initial distribution of more than one excited state. Experimental examples are presented for several of the cases considered.
II. THEORY

A. Description of sample evolution
In the technique of time resolved polarization spectroscopy, an intense plane-polarized picosecond laser pulse passes through the sample, creating anisotropically oriented excited state populations and leaving an orientational "hole" in the ground state, since molecules with transition dipoles nearly aligned along the polarization axis of the light field are preferentially excited. By convention, the pump pulse is polarized in the direction of the laboratory z axis and propagates along the laboratory y axis. The system subsequently undergoes relaxation due to electronic transitions and reorientation of the molecules. For a given model of relaxation processes, we can calculate the populations of each level as well as their orientational distributions as a function of time. With this at hand, the observed Signal intensity for an experiment can be calculated according to the method of probing the sample.
In this treatment, we do not consider the coherence effects caused by overlap of pumping and probing pulses at zero time delay in the sample. 17 The effect of finite laser pulse duration is also neglected, but can be treated by convolution of the formulas presented.
We assume that the level-to-Ievel kinetics is described by first order rate processes which are independent of overall orientation of the molecules, and that anisotropic rotational diffusion is the mechanism of the reorientation of the molecules. The rotational diffuSion of each state is characterized by its diffusion tensor, which may in general differ from one level to another. To simplify the problem, we make the restriction that the orientations of the principal diffUSion axes in the molecular frame is the same for all states, although the magnitudes of the diffusion coefficients may differ.
If the electronic transition rates are unaffected by orientation of the molecules, we can write a coupled set of equations that describe the level kinetics in terms of state populations which are independent of any motion of the molecules:
where J«0(t) is the number density of molecules in state (i), and k'J is a matrix of first order rate constants in the n level system. By convention, we label the ground state with i = O. Given the initial condition, specified by the K(i) (O) , this system of equations can be solved for the K(i)(t) analytically in some cases or in general by diagonalizing the k'J matrix.
Expressions for the time-dependent fluorescence depolarization Signal for a collection of ellipSOids undergoing anisotropic rotational diffusion were presented some time ago by several authors. [12] [13] [14] 18 Their expressions for r(t), the time -dependent anisotropy, can be used to describe the simple anisotropic absorption experiments reported in our previous work, 1 but must be generalized to include the effects of level kinetics.
We define a molecular axis system that coincides with the prinCipal axes of the diffusion tensor. Its orientation with respect to the laboratory-fixed axis system is specified by the three Euler angles (01, (3, y) ;: O. A normalized probability distribution can be defined for each level, such that the probability of finding a molecule in level (i) with orientation between 0 and 0 + dO is proportional to f(l} (0, t) dO, and
where integration is over the conventional limits of the Euler angles OS OIS 21T, OS (3S 1T, and Os yS 21T. The set of coupled partial differential equations that describes the time evolution of the system is then a 3 tl 1, ... ,n-1, (3) where D~I) (01 = 1,2,3) are the diagonal elements of the diffUSion tensor in the molecular coordinate system for level (i) , Lot are the orbital angular momentum operators with respect to the molecular coordinate system as defined by Rose. 19 It is important to note that although the diffusion tensor is level dependent, the angular momentum operators are not. Also implicit in this equation is the assumption that the orientation of the molecule does not change during a level-to-level transition.
To solve this set of equations, we expand the probability function for each level in terms of asymmetric rotor wave functions, which are the eigenfunctions of the diffusion operator in Eq. (3). Since the eigenfunc-tions in this basis depend on the diffusion coefficients, they in general differ for each level, although we will note later that they do not differ if the diffusion tensor is that of a symmetric top. Following Chuang and Eisenthal, 13 we have
where it~~(O) are the appropriate asymmetric rotor wave functions and a:~~(t) are the time-dependent coefficients. The connection between levels can be made since each of these wave functions can be expanded in terms of symmetric rotor wave functions, with the level dependence remaining only in the expansion coefficients1z.18. zo
Although the expansion coefficients for it 2 -1m and itZ-Zm given by Tao l8 and Huntress 20 differ by an overall negative factor, the final results we obtain are independent of which basis is used. USing the eigenvalues of the asymmetric wave functions tabulated elsewhere12.18.Z0 (6) we obtain upon substitution into Eq. (3) a set of coupled ordinary differential equations that describe the time evolution of the system in terms of the expansion coefficients of Eq. (4):
In writing Eq. (7), we have used the fact that the AI ' tM'.
are real. Note that equations in Eq.
The initial values of the time-dependent coeffiCients, the at:iM (O) , are constrained by the boundary condition (S~) t tJ) (0, 0) == Ko , (9) where Ko is the total concentration of molecules in the sample. This restriction comes from the assumption that the distribution of molecules in the ground state prior to excitation is isotropic. As Chuang and EisenthaI have noted, when the sample is excited with linearly polarized light and the absorption processes can be described by transition dipoles, only expansion coefficients with L=O or 2, and M=O are nonzero. Thus, we can drop the unnecessary M subscript and define aI ' to(t) = aI~(t). The initial excited state coeffiCients can be found using the formalism of Erhenberg and Rigler for each initially prepared level:
where H~/)(J.L)=(~r/2
and the ground state coefficients can be found by application of Eq. (9):
Here we have used the convenient spherical representation of the absorption dipole unit vector l2
where (/-L", /-Ly, /-Lit) are the direction cosines for the absorption dipole in the molecular-fixed axis system coupling the ground state to the given excited state, and the C(112;m m') are Clebsch-Gordan coefficients. The values of K(O(O) are set by the intensity of the pumping pulse and cross section for excitation from the ground state for each level.
Since terms of differing L or M do not mix, we can separate the equations in Eq. (7) into two Simpler sets of equations:
where we have again dropped the unnecessary M sub- 
That is, the isotropiC coefficients of the expansion describe only the level kinetics. However, both the effects of level transitions and reorientations are contained in Eq. (17) . Although these equations cannot be solved in closed form for the general case of an n level system, they can be formally solved by diagonalizing the matrix of coeffiCients, yielding all a:;)(t).
The above description Simplifies considerably if we make the assumption that all the diffusion tensors are those of symmetric rotors, i. e., set DJ~ il = Dil>, and Di ' ) =DV> =Dif), for all states (i) . In this case, there is no longer a level dependence in the expansion coefficients of Eq. (5); the coefficients and eigenvalues for this case are given in Table I . The relation in Eq. (S) reduces to r ~'j)( T, T) = OTT (19) and Eqs. (14) and (17) simplify to
Thus, for the symmetriC ellipsoid case, we find that It can also be shown by angular momentum algebra in the symmetric ellipSOid case, or the asymmetric case where there is no level dependence in the diffusion constants, that a relation of the quantities defined by Eq. (12) applies:
where P 2 (x) is the second legendre polynomial [the HT(y) are level independent in this case, so the superscript level number is dropped]. Here note that Y1 and Y2 are body-fixed vectors. This equation is particularly useful since it makes it unnecessary to evaluate HT(y) explicitly in many cases.
B. Interaction of light and transition dipoles
By applying operators analogous to those of Ehrenberg and Rigler 12 [see their Eqs. (3.9) and (3.10)] to the distribution functions, we can define effective parallel and perpendicular concentrations for electric dipole emission or absorption from a given level:
where 1\(0, y) and FJ.(O, y) are proportional to the probabilities of a molecule with orientation 0, and a transition dipole with direction cosines in the molecular axis system given by y interacting with a light field polarized in the laboratory z (parallel) or laboratory x and y (perpendicular) directions, respectively. That is, for an absorption process, Eqs. (23) represent the effective Beer-Lambert law concentrations for attenuation of polarized light; for emisSion, they are proportional to the fluorescence emission intensity that passes through appropriately oriented polarizers. We normalize the operators to satisfy the constraints that (24) which hold regardless of the orientation specified by y. If we define for each level an effective anisotropy associated with the transition dipole y:
we find in terms of the coefficients derived in the previous section: (26) where ym is the spherical representation of the transition dipole direction cosines [see Eq. (15)] and the asterisk denotes complex conjugation, as usual. Thus, we can make the usual connection 18 that
We note in passing that the transition dipole to which the anisotropy refers must be specified since it is possible to have an orientational anisotropy of one molecular axis independently of the anisotropy that might exist in the orientations of the other axes.
C. Interaction of light and polarizability tensors
In the polarization spectroscopy experiments, effects caused by the anisotropy in the refractive index of the sample (birefringence) can be observed 1 ; these result from differing pol ariz ability properties of molecules in ground and excited states. In our previous treatment, we implicitly assumed a solvent refractive index of unity, and considered a special limiting case of the form of the polarizability tensor. We now lift these restrictions and proceed to describe the connection between microscopic polarizabilities and the observed birefringence.
The observed phase delay difference of parallel and perpendicularly polarized light t.cj> is related to the difference in effective refractive indices by21
where Ao is the probe wavelength and d is the optical pathlength. According to Eisenthal and Rieckhoff, 15 for a sample which contains a small number of anisotropically oriented molecules imbedded in an isotropic solvent, the electric permittivity tensor in the laboratory frame is given by (30) where ns and As are the refractive index and the macroscopic polarizability of the pure solvent (related by n~ = 1 + 41T As), and AI} is the macroscopic polarizability due to all solute molecules. For small values of AI}' we can express the refractive index tensor elements as linear functions of AI} by an expansion of Eq. (30) and obtain for the diagonal elements
( 32) and _~ (n!+2\
are the solvent dependent expansion coefficients. It can be shown that for linearly polarized excitation that the off-diagonal elements of both the refractive index and macroscopic polarizability tensors are zero. Thus, we are now left to evaluate A JJ for our system, given by and if we define the anisotropy associated with state (i),
we obtain in terms of the expansion coefficients
where
Here QI~\)", is an element of the pol ariz ability tensor in the molecule-fixed spherical [cf. Eq. (15)] baSiS, and Tr(aCIl)=t; QI~;).
Again, the usual connection applies:
and substitution into Eq. (28) gives the expression for the total phase delay difference
D. Fluorescence depolarization experiments
In these experiments, fluorescence emission from the sample is measured as a function of time through polarizers oriented parallel and perpendicular to the pumping pulse polarization. Generally, one calculates the observed anisotropy (42) where the observed intenSities are given by
where ¢ji' is the fluorescence quantum yield for state (j) and gi(w) is the line shape function. We obtain for the observed anisotropy in terms of functions defined previously
If fluorescence is observed from only one level, e.g., k, the observed anisotropy reduces to r(k)(t, YIl)'
E. Polarization spectroscopy
We now present the form of the Signals observed in polarization spectroscopy experiments. We consider the case of perfect optics, as described in our previOUS work.
1 In order to treat experiments with nonperfect optics (1. e., the presence of birefringence in lenses, polarizers with imperfect extinction, etc.) the Jones matrix formalism described previously can be used with the sample matrix elements given here.
In this experiment, the measured intenSity is given by
where the diagonal elements of the sample matrix are given by
In
where n J is the number of relevant absorption transitions from state j, and aIJ,I) and Y (m are the absorption cross section and unit vector along the direction of the transition dipole for the ith such transition at the probe wavelength, respectively.
The sample matrix is diagonal since the polarization direction of the pump defines the laboratory z axis. By factoring out the term that describes ground state absorption from SII(I) and S~(t), and using the relations (9) and (18), we obtain by expanding the exponentials and retaining the linear terms (small signal limit of BeerLambert law) the measured Signal intenSity in polarization spectroscopy experiments
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III. APPLICATIONS
A. Two level system
In this first application we consider the simplest kinetic scheme, a two level system whose population dynamics after pump pulse excitation is described by a first order rate constant k f • This model is very commonly used and is most notably applicable to the dynamics of bleachable dye molecules. In this treatment we allow for different rotation rates in the two electronic states and find that this generalization complicates the observed signal. We discuss our result in terms of some recent results in the literature.
We make some further approximations in our description of an anisotropic absorption experiment for this kinetic model, however. We shall assume that the Signal arises purely from dichroism, i. e., there is no birefringence, and that the molecules behave as isotropic rotors. The birefringence and the reorientation of an asymmetric top could easily have been included with this kinetic model, but these two assumptions simplify the treatment considerably thereby eliminating much mathematical detail and making the physical interpretation of the results readily apparent.
The differential equations describing the population kinetics are trivial in this case, and we can easily solve the system of differential equations in expression (21) to give and Eq. (20), ( 51) where III is the absorption dipole for the ground to excited state transition at the pump wavelength. The interpretation of Eq. (51) is that since there is only one excited state, the orientational "hole" in the ground state is exactly complemented by the excited state distribution at zero time.
Using Eqs. (26) and (22) we obtain
where Yo and 1'1 are the ground and excited state absorption dipoles at the probe wavelength, fixed in the body frame.
The expression for an anisotropic absorption experiment is now obtained by substitution into Eq. (44):
This Sum of exponentials results directly from differing rotation rates in the two electronic states.
The first term in Eq. (54) arises purely from the reorientational motion of the ground state molecules and is weighted by the difference in the rotation rates and the fluorescence rate k f • We see that if the excited state is nonabsorbing and very long Ii ved (k f = 0) or if reorientation in the excited state is very fast compared to the ground state that the experimental signal would just be the orientational correlation function of the ground state.
The second term arises from excited state reorientation and depopulation and is observed when a(O)* 0 and/or a(l) * 0 (at the probe wavelength); this term is also weighted by the rate constants. In the limit where D (1) = D (0) this expression reduces to the Simple form
In this expression we see the expected result that if the absorbance in both states is equal and the absorption dipoles are collinear then the observed signal is zero.
Recently Reiser and Laubereau 6 performed anisotropic absorption studies of the dye phenoxazone 9 with varying probe frequencies. In this manner they were able to make the absorption cross section of the ground state zero (a(QI in our expression) and obtain only the reorientation rate of the excited state -150 ps. We point out, however, that this result arises only because it is assumed that the Signal is purely dichroiC. If there were a Significant birefringence contribution to the signal, the ground state distribution would interact with the probe light through its polarizability anisotropy. 1 By performing an experiment where both a(Q) and a(11 are nonzero and USing their previously obtained values of the excited state reorientation rate and the ratio of a(QI to a(1), Reiser and Laubereau obtained a value for the reorientation rate of the ground state -120 ps from their numerical calculations. If we expand expression (54) to first order in the time constants we are able to evaluate the ground state reorientation time directly from their measured values, obtaining Tor -126 ps in good agreement with their result.
B. Photochemical isomerization
We now consider a four state kinetic model which describes molecular systems that undergo photochemical isomerization. In this model our initially excited singlet state, normal form, may decay by three pathways: (a) an internal conversion process to the normal ground state described by the rate constant k 1c ; (b) radiative decay to the normal ground state represented by the rate constant k r ; and (c) an isomerization in the excited state to an excited twisted form described by the rate constant klsoo This twisted excited state is assumed to relax very rapidly to the ground state surface (its steady state concentration is very small). Upon relaxation to the ground state surface either the normal or isomer form is produced, with a probability described by a branching ratio {3, where (3 is the fractional yield of normal form. In this section we label the four states as follows: state 0 is the ground state normal form; state 1 is the excited state normal form; state 2 is the excited state twisted form which is assumed to have a very short lifetime; and state 3 is the ground state isomer.
In obtaining the expressions for the signal we make some simplifying assumptions. First, we assume that the rotational motion is isotropic and the same in all states and thus can be described by a single diffuSion coefficient D. Second, we assume that the ground state isomer is long lived on the time scale of interest. Finally, we assume that there is no contribution from birefringence. The case of pure birefringence will be considered in the next application for a similar kinetic scheme.
With these approximations we can easily solve Eq. (21) for the time dependent coefficients and obtain
where k f = k lc + kr and aW( 0) is given by Eq. (50) as in the previous section. In the case of pure dichroism we can write for the observed intensity in an anisotropic absorption experiment
which is the square of the sum of two exponentialso The second exponential is the normal term obtained in the Simple two level system and the first exponential arises from molecules leaving the excited state but not returning to the normal ground state, leaving an orientational anisotropy in the ground state which decays by reorientation alone.
Note that when {3 = 1 (no isomer formed) or k f «6D expression (60) reduces to the Simple form
It is this limit which is applicable to systems such as DODeI in normal alcohols 2 ,22 where (3 -O. 86 and k f -0.1(6D). In the cases where kr is on the order of 6D and {3< 1 the analysis is more complicated and the full expression (60) must be used.
We recently performed experiments on diphenyl butadiene which also undergoes photoisomerization upon excitation. 9 ,23,24 In alkanes, the excited state is long lived and the reorientation time of DPB is well described by a Slip boundary condition. 9 However, in alcohols, the excited state lifetime of DPB is much shorter. 24 This is probably caused by the stabilization of the twisted excited state (which is thought to be biradical in nature 25 ) by the more polar solvent, which causes a lowering of the barrier height for twisting in alcohols. In the anisotropic absorption experiment we measured a decay time of 25 ± 3 ps for DPB in ethanol. The excited state decay now contributes Significantly to the measured relaxation time and the observed decay is notably shorter than would be expected Simply from the change in viscosity between tetradecane and ethanol.
In order to analyze the observed decay we must consider the full form of Eq. (60). If we assume that klso -kr and that the excited state does not absorb at the probe frequency «TO) = 0) then Eq. (60) reduces to
Unfortunately, the value of the branching ratio {3 is not known for DPB, making it impossible to directly extract the reorientation time in ethanol. However, by proceeding with the analysis for three different assumed {3 values, we can put bounds on the value of Tor' We will consider cases where {3 = 0, 0.5, and 1.
If we assume that {3 is zero, Eqo (62) is a single exponential decay with measured decay time half that of the reorientation rate of the ground state molecules. Since the fitted decay time in our experiment is -21 ps Cp-l, we obtain a ground state reorientation time Tor of -42 ps cp-l, which is somewhat smaller than the theoretical slip value of -63 ps Cp-l.
In the case where {3 is 0.5, Eq. (62) retains its complicated form and the analysis is not as Simple. In order to use our experimental single exponential fitted time constant, we assume that it is related to the two decay times predicted in Eq. (62) by 1 1 2
which gives a calculated reorientation time of -72 ps Cp-l. This equation was obtained by the first order expansion of the two exponentials. This is slightly higher than the predicted slip value.
The third possibility, where {3 is unity, predicts a single exponential Signal decay, but small errors in the fluorescence lifetime cause fluctuations in the extracted 'T or value that are so large that such an extracted value has no meaning.
Thus, our experiment is consistent with a Slip boundary condition for DPB in alcohols but further study is required before firm conclusions can be drawn. Although the assumption of k iSO -k f is probably valid, 23,24 the excited state absorbance at the probe frequency is unknown as is the relative magnitude of the signal due to birefringence. Measurement of these properties and of the branching ratio would make the interpretation of our DPB measurement less ambiguous.
C. Birefringent system
In this application we consider a kinetic model which is Similar to the previous one. We discuss the case of a first excited Singlet which decays to the ground state via a radiative process with rate constant kr or nonradiati vely to a triplet state with rate constant k illC ' This triplet decays to the ground state on a time scale much longer than the reorientation and this decay is ignored. Once again we assume isotropic rotation which is equal in all states, but in this application we consider the case where the probe frequency is not absorbed, thus where there is not dichroism, so the signal arises from birefringence. Also, we have assumed that the absorption dipole which interacts with the pumping pulse /Jol lies along the molecular fixed z axis.
For this kinetic model we can evaluate the time dependent coefficients in Eq. (21) and obtain (66) where k f is the fluorescence rate equal to kr + k iSC and 4> is the fluorescence quantum yield given by the ratio of kr to k f • In these equations, 0 denotes the ground state, 1 the first excited singlet, and 2 the triplet. The value of a~A)(O) is given by Eq. (50). USing Eq. (47), we can write the expression for the Signal as
where ~Ci(J,I) is the difference in the polarizability anisotropies of states j and i. In the case of a symmetric top this quantity is given by (68) In this expression we again have the square of a sum of exponential terms, one arising from the rotational reorientation and depopulation of the first singlet, and the second arising only from the reorientation of the ground and triplet state molecules. We can now examine briefly some limiting cases of this experiment in order to explore the implications of the form of the signal.
In the early time limit, note that the signal depends on the difference in polarizability anisotropy between the ground and excited Singlet states but not on the polarizability properties of the triplet state. This is to be expected since at zero time, no triplet has been formed yet. Similarly, if the fluorescence quantum yield is unity, the signal is independent of the triplet properties Since no triplet is formed.
If we consider the case where the two excited states have similar pol ariz ability properties, giving ~Ci1,O "" ~Ci3,O' the expression for the signal Simplifies to This may be the case in some chemical systems. 26 This equation is completely analogous to Eq. (62), where information about the fluorescence lifetime is present only if the quantum yield is nonzero. This evidently is senSible, since within this model a molecule which has entered the triplet state is trapped there, in which case only the rotational reorientation within the ground or triplet state is measured.
This example provides a model for calculations on birefringent systems which can now be experimentally probed. Several steady-state measurements have been made on birefringent systems, 15, 26, 27 but only a few picosecond time resolved studies of such systems have been reported. 1 ,7 Nearly all systems studied by pump-probe methods are strongly dichroic, since they need to be strong absorbers in order to be effectively pumped. In a future publication, we plan to show how this dichroic contribution to the signal can be eliminated in large part by optical heterodyning, making possible measurements of the weaker birefringent component of the sample,
D. Multilevel kinetics
Coronene, an oblate rotor, provides a good example of how the kinetics of a molecular system can effect the interpretation of data. An anisotropic absorption profile for coronene is shown in Fig. 1 . Initially one might suppose that the coronene signal is composed of a rapid spinning motion and a diffUSive tumbling motion, we shall see this is not the case because the polarization spectroscopy technique is sensitive to the excited state kinetics as well as rotational reorientation.
The signal in Fig. 1 is clearly nonexponential; there is a rapid initial decrease and subsequent longer time decay. Although the rapid decay occurs on a time scale not much larger than the width of the coherence peak, the ratio of the top of the peak to the signal at its base is much larger than the 2: 1 ratio which is predicted by theoretical treatments of this phenomenon. 8, 17 We require a different kinetic scheme to deal with coronene from those described above. The initially excited state is the third singlet state S3' which subsequently relaxes to the first excited singlet state. An additional complication is that the So -S3 absorption of coronene is degenerate in the plane of the molecule. 28 ,29 These two problems are treated in the analysis below.
The S3 -SI relaxation rate kif' has been measured to be -0.5 ps-l by Shank and Ippen 30 and we therefore assume that it is a much more rapid process than any others (even rotation in S3). The relaxation of the SI state to So is slow, however, kt-1= T,-300 ns. 28 The time dependent coefficients for the three states are
where the superscript 2 denotes the S3 state and the superscripts 1 and 0 denote the first Singlet and the ground state, respectively.
Because coronene has a degenerate transition in the plane, the evaluation of the initial distribution of the excited and ground states and of the probabilities of transitions with the probe frequency must be treated differently from a Single dipole. We shall assume here that a degenerate transition of this nature can be treated as a sum of the probabilities for orthogonal non degenerate dipole transitions. 31 Namely, for coronene the ground state absorption can be treated as a sum of the probability for the dipole along b and the probability for the dipole along t, where b and ~ are the molecular-fixed axes in the plane of the molecule. Thus, the excited state distribution is a sum of the distributions for the two transitions
This makes it possible to formally separate the coefficients that describe level (2) into two parts, one for each of the absorption dipoles along either b or ~.
Upon evaluating Eq. (11) for M(l> along b or~, we find that only the coefficients aW)(O) and a~¥)(O) are nonzero and that (74) and (75) so that the initial distribution and all subsequent distributions are expressible in terms of the a4~)(t) coeffiCient, given by
This assumption implies that we cannot detect rotation in the plane. This treatment is reasonable for the ground state distribution because the electronic state of the molecules is totally symmetriC, but it may not be a valid assumption for the excited state.
The reason for this is that the polarized light may create an electronic state which has a preferred direction in the plane. The symmetry of the third Singlet has been determined to be Elu by analogy to benzene. 32 How fast this state relaxes to a degenerate, planar absorber is unknown and furthermore how rapidly and to what extent it undergoes Jahn-Teller distortion is not known. 32 These phenomena complicate the treatment of a planar absorber considerably. Although only valid at longer times, we assume that the S3 state is not probed by absorption, or a(2) = O. We also ignore the contribution from birefringence to the signal; although it could easily be included, its omission Simplifies the mathematical detail. If we make these approximations, our treatment reduces to the probe light interacting with ground state molecules and the first excited state molecules. The first excited state has a B 1u symmetry28 and transitions to higher excited states are believed to be polarized in the plane. 29 We shall assume that the relaxation to SI has removed the initial possible polarization of the S3 state, so that the transition dipole for the absorption of SI although having a preferred direction in the plane of the bodyfixed system, will not have a preferred direction in the laboratory fixed system. This occurs because the initial creation of the S3 state by the pump pulse does not distinguish in-plane orientations of a coronene molecule. As a result we obtain all possible in-plane orientations of the transition dipole of the first excited singlet state. This assumption seems reasonable, 31 but further experiments, in particular fluorescence depolarization studies, are required to clarify this pOint.
Within this approximation then we can easily find the time-dependent coefficients for the ground state and first excited Singlet to be
where we have assumed that kt «6D. In evaluating the r(i)(t) K(I)(t), we must keep in mind that the ground state is still a planar absorber and that the excited state is a normal dipole absorber. Analogous to the above treatment we find K(i)(t)r(/)(t'YI)=-1T(~y'2a:o(/)(t), i=O,I. (79) And hence for the Signal we find that
3 10 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
This expression contains two exponentials, one which is very fast and corresponds to the rapid S3 to S1 internal conversion k ic and a second which corresponds to tumbling of the ground state.
E. Excitation into two absorption bands
One might expect that polarization spectroscopy and fluorescence depolarization measurements would give identical results for the derived r(t), but in some important cases the results obtained by these techniques differ; this can happen, e.g., if excitation within overlapping absorption bands occurs. A system where it is important to understand such differences is that of tryptophan, an amino acid which can act as an intrinsic probe of protein motion. Previous studies have shown that the two low lying excited states in tryptophan 1L • and 1Lb have transition dipole moments coupling to the ground state which are at large angles to each other 33 ,34 and whose absorption spectra overlap in the region between 250 and 300 nm.
In order to use the simpler limiting cases of the formulas presented, we begin as usual by approximating tryptophan as a spherical diffusor with diffuSion coefficient D. This is done once again in order to present equations whose interpretation is not made unnecessarily difficult by mathematical detail. The equations for a more complicated form could be solved following our algorithm, but this will be left until experimental results are available for comparison.
An appropriate level scheme for tryptophan is shown in Fig. 2 . The radiative and nonradiative rate constants for decay from states 1La and 1Lb are given by k~ and k~, and k:r and k: r , respectively. For most aromatic systems including tryptophan, 35, 36 there is no appreciable nonradiative return directly to the ground state, so k~r and k:r are rate constants for decay to triplets, quenching products or other species that do not return to ground state tryptophan on a relevant time scale. The labeling of states in this section is as follows: 0 is the ground state lA, 1 (or a) is the lower lying Singlet 1L a , 2 (or b) is the upper excited singlet 1 L b , and 3 represents all the products of nonradiative decay from 1 and 2.
This ordering of the excited states is that which is appropriate for polar solvents. 33 We assume that molecules in level 3 do not relax to the ground state on a time scale relevant to the experiment.
The tranSition dipoles which couple the ground state with the two excited Singlet states and are fixed with respect to the molecular axis system, are given by Ila and #Lb' Since we are treating the molecules as spheres, this leaves as a parameter the angle between these two unit vectors cf> for which widely varying estimates have appeared in the literature, ranging at least from 45° to The initial values of the expansion coefficients are determined easily, and are Similar to those of previOUS sections with the anisotropic coefficients given by
The isotropic coefficients are given by Eq. (10). At zero time there are no mOlecules in level (3), and in any case this level is included only as a sink for the excited states, and so we do not consider its expansion coefficients.
First, we consider the time-dependent description of the excited singlet states. Solutions for the kinetic equations can be obtained by an extension of the work of Andrews and Forster. 33 In order to proceed, we make the following definitions:
Then we obtain by solving Eq. (1): (90) and
Using Eqs. (81), (22), and (26) in solving Eq. (21) , we obtain for level a,
and for level b,
(93)
In the preceding four equations, the terms with rate constant A Z represent transients that occur as a quasiequilibrium condition between 1La and 1Lb is achieved, while Al terms correspond to a loss of molecules from the excited singlets.
The orientation distribution of the ground state is somewhat more complicated than those of the excited states, since excitation by the two noncollinear absorption dipoles leaves two superimposed "holes" of differing distributions in the ground state. Solution of the kinetic equations is not difficult, however, given the assumption that the nonradiative products do not return to the groWld state. For the isotropiC expression, we obtain by integration of Eq. (16) USing Eqs. (90) and (91):
(94)
The expressions for the ground state anisotropies are simplified considerably by the assumption that reorientational behavior is the same for all levels. USing solutions for aW(t) and aW(t) which can be easily found by analogy to the isotropic equations, we obtain upon integration of Eq. (21), using Eqs. (22), (81), and (82) an expression for the ground state anisotropy with respect to an arbitrary transition dipole
Given the kinetic parameters for tryptophan, Eqs. (90)- (95) can now be substituted into Eqs. (44) or (47) to Simulate fluorescence depolarization or polarization spectroscopy experiments, USing an average fluorescence lifetime for tryptophan of 3.0 ns, and assuming a quantum yield of O. 14, 38 we obtain for the radiative and nonradiative rate constants 4.67 x 10-7 and 2.87 X 10-8 s-t, respectively. We assume that these constants apply to both the 1 La and 1 Lb states. Also, we assume that the fluorescence tranSition moments of the two excited singlet states are perpendicular (i. e., set cp = 90°), and that absorption from the ground state to these states is described by these same transition dipoles.
The rate constants for transitions between the two excited singlet states kab and kba are taken to be 10 1Z and 7 x 10 10 s-t, the ratio of these values gives the appropriate equilibrium constant for levels separated by 500 cm-1 at room temperature. The energy separation of these levels depends strongly on the sOlvent 33 ; the parameters used in the simulations are for illustrative purposes served. Thus, the excitation of overlapping bands does not in itself result in an initial anisotropy less than 0.4, although in experiments of insufficient time resolution this limiting value might not be measured. In steady state measurements, the extracted value of r( 0) depends on the integrated value of the curves illustrated, so that transitions between levelS can result in calculated r (O) values less than the true limiting value.
The form of the anisotropy decay depends strongly on the ratio of excited states prepared, and can be considered to have two phases. The initial rapid decay corresponds to attaining a quasiequilibriumcondition between the two excited states. But it should be noted that this decay is due not only to attaining an equilibrium of the populations of the levelS, but also to a loss of information about the levels in which the molecules were initially prepared. It is possible to excite an equilibrium population distribution of molecules in the excited levels, but still observe a fast decay of r(t) as molecules make transitions between the two states. This phase of the decay effectively ends when the original identity of the molecules, i. e., their initial states, has been lost by many transitions between the levels.
The long time behavior of all the curves is an exponential decay with a time constant corresponding to overall rotational diffusion. If these latter portions of the curves are extrapolated backward to zero time, the value thus obtained, r(0+), is determined by the weighting of the initial relative populations. For example, consider Fig. 3 , in which only the emission from level A is monitored. In this case molecules initially excited in level B have r(b)(O, /.La) = -O. 2. Since we have rea) X(O, /.La) =0.4, the limiting value is determined by a sum of these values, weighted by the initially excited populations. Thus, for the cases where the ratio of A: B initially excited is 1: 0, 0: 1, 1: 1, 1: 2, and 2: 1, we obtain for r(O+) 0.4, -O. 2, 0.1, 0, and 0.2, respectively. The case where the initial ratio of A: B is 1: 2 is interesting, because as the molecules decay from B to A, a distribution whi<;h is isotropic with respect to the Ila axis is generated. As Figs. 3-5 show, in the presence of overlapping, communicating electronic states a rapid initial anisotropy decay need not necessarily indicate rapid motion. Thus, fluorescence depolarization studies of tryptophyl residues in proteins need to be interpreted with care in the short time region. This is true even if excitation occurs at long enough wavelengths to excite only the lower lying state, since subsequent thermal promotion to the upper state can lower the observed anisotropy if emission is detected from both levels (see Fig. 5 ). In contrast, simulations of anisotropic absorption experiments did not produce these effects; as long as the rates of decay from the two excited states are much slower than the rates of relaxation between them, or those decay rates are equal, the anisotropic absorption Signal is not effected by relaxation between the excited states. It will be fascinating to compare anisotropic absorption and fluorescence depolarization experiments on tryptophyl reSidues in peptides and proteins. Careful time and frequency resolved experiments will reveal detailed information on the spacing and relative transition moment directions between the lLa and lLb states, in addition to the rates of electronic relaxation and molecular motion.
IV. SUMMARY
We have presented a general algorithm for handling the complex interplay between level kinetics and orientation motion. Our formalism can be used to interpret any type of time resolved experiment using polarized light where levels are connected by first order transitions and rotational diffusion is occurring. Future publications will present applications to a range of chemical and biological problems.
